Background--Ubiquitous deletion of thioredoxin reductase 2 (Txnrd2) in mice is embryonically lethal and associated with abnormal heart development, while constitutive, heart-specific Txnrd2 inactivation leads to dilated cardiomyopathy and perinatal death. The significance of Txnrd2 in aging cardiomyocytes, however, has not yet been examined.
H eart disease remains a leading cause of disability and mortality, 1, 2 not in the least due to today's aging population with its inherently heightened risk of heart failure. 3 Mitochondrial dysfunction and perturbations of cardiac energy metabolism are recognized as contributors in heart failure of humans and animal models. [4] [5] [6] [7] Mitochondria are cellular high-energy compounds and a major source of reactive oxygen species (ROS), which modulate the activity of diverse redox-sensitive signaling pathways. Importantly, several mitochondrially localized antioxidant systems maintain the intracellular redox balance. 8 Of these, the thioredoxin system, consisting of thioredoxin and thioredoxin reductase (TXNRD), is capable of reducing various disulfides and participates in different cellular processes,such as proliferation or cell death, via redox-controlled signaling. 9 The incorporation of the trace element selenium as selenocystein at the C-terminal redox active site is required for the catalytic activity of TXNRDs. 10 In livestock, selenium deficiency may cause white muscle disease, a myodegenerative disease affecting skeletal and cardiac muscle. Consistently, in humans, selenium deficiency is associated with cardiomyopathies, such as Keshan disease.
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Txnrd2 is essential for mouse embryogenesis; its ubiquitouse deletion is associated with malformation of the embryonic heart. Cardiomyocyte-specific ablation of Txnrd2 resulted in perinatal death with clinical features of congestive heart failure precluding studies in adult mice. 12 Inducible deletion of Txnrd2 revealed an increased vulnerability of the left ventricle to ischemia-reperfusion injury (eg, larger infarct size and excess loss of function), which was amenable to treatment with ROS scavengers. 13 Thus, malfunction of Txnrd2 not only severely affects the developing heart but also causes an increased sensitivity toward acute heart stress. Such situations, however, may be considered extreme in their high-energy demand. They do not reflect the importance of a continuously intact mitochondrial thioredoxin system in the heart. This issue, however, is of high importance with respect to identifying key factors that determine heart well-being or failure in an aging population.
We therefore investigated Txnrd2 function in the aging heart and demonstrate that Txnrd2 is crucial for maintaining mitochondrial integrity and normal heart function during aging.
Methods Transgenic Mice
Mice carrying loxP-flanked Txnrd2 alleles (Txnrd2 flfl ) were mated to heterozygous Txnrd2 +/À mice carrying a cardiomyocyte-specific MerCreMer transgene. 14 Generation and genotyping of loxP-flanked, heterozygous, and heart-specific knockout (KO) Txnrd2 mice were described previously. 12, 15 Tamoxifen was administrated orally as described. 15 In short, tamoxifen citrate salt (10051; Chemische Fabrik Berg GmbH) and sucrose at a final concentration of 3.6 g/kg and 5%, respectively, were added to a pelleted soy-free, lowphytoestrogen diet (ssniff M-Z Phytoestrogenarm, Ssniff Spezialdi€ aten GmbH). Tamoxifencontaining chow was fed ad libitum for 5 weeks starting at week 6. Before and after this period, animals were fed the standard mouse diet. Mice were bred and kept at the animal facilities of the Helmholtz Zentrum M€ unchen in Type II Macrolon cages with wood shavings (Altromin) as bedding at a temperature of 20°C to 24°C and a 12/12-hour light/dark cycle. Mice had free access to a standardized mouse diet (1314, Altromin) and drinking water. All animal experiments were performed in compliance with the German animal welfare law and have been approved by the institutional animal care and use committee and by the District Government of Upper Bavaria.
Echocardiography
Functional heart assays have been performed in the cardiovascular module of the German Mouse Clinic (http:// www.mouseclinic.de/). 16 Left ventricular (LV) function was determined with transthoracic echocardiography by using high-frequency ultrasound biomicroscopy with a 30-MHz transducer and 30-Hz frame rate (Vevo 660; VisualSonics). Shaved and anesthetized mice (1% isoflurane; Baxter) were fixed in supine position on a heated platform with ECG electrodes attached to monitor heart rate. Body temperature was 36°C to 38°C, monitored via use of a rectal thermometer (Indus Instruments). LV parasternal short-axis views were imaged in M-mode at the papillary muscle level. Measurements from 3 cardiac cycles each of 2 recordings were averaged for LV end-diastolic internal diameter (LVEDD) and LV end-systolic internal diameter (LVESD) by using the leading-edge convention, as suggested by the American Society of Echocardiography. 17 
Noninvasive Determination of Blood Pressure
Blood pressure was measured in conscious mice with a noninvasive tail-cuff method by using the MC4000 Blood Pressure Analysis Systems (Hatteras Instruments Inc). Mice were restrained on a prewarmed metal platform in metal boxes. The tails were looped through a tail-cuff and fixed in a notch containing an optical path with an LED light and a photosensor. The blood pulse wave in the tail artery was detected by light extinction and transformed into a pulse amplitude signal. Pulse detection, cuff inflation, and pressure evaluation were automated by the system software. After 5 initial inflation runs for habituation, 12 measurement runs were performed for each animal in 1 session. Runs with movement artifacts were excluded. After 1 day of training, in which the animals were habituated to the apparatus and protocol, the measurements were performed on 4 consecutive days between 8:30 and 11:30 AM. For each animal, 20 to 48 measurements were pooled to obtain a mean over the 4 measurement days.
Quantitative Real-Time Polymerase Chain Reaction
Total RNA was isolated from whole heart homogenates by using peqGOLD TriFast reagent ; peqLab) and cDNA was generated by using a Reverse Transcription System kit (A3500; Promega Corp) by following the manufacturers' protocols. Quantitative real-time (RT)-polymerase chain reaction (PCR) was performed by using the 7500 Real Time PCR system (Applied Biosystem, Foster City, USA) and the Power SYBR Green PCR Master Mix (4367659, Applied Biosystems). Hearts were collected from 3 mice per genotype and time point. mRNA was isolated and analyzed independently in triplicate. The PCR (50°C for 2 minutes, denaturation at 95°C for 10 minutes, followed by 40 cycles at 95°C for 15 seconds and 60°C for 1 minutes) was performed in triplicate and normalized to endogenous Gapdh mRNA levels for each reaction. Quantification was done by using the comparative method (2 ÀDDCt ) of relative quantification. 18 PCR product specificity was controlled by melting curve analysis. For quantification of Txnrd2 mRNA levels, intron-spanning primers were designed by using Primer Express Software v2.0 (Applied Biosystems), and sequences were as follows:
AGA GCA AAT GAA AAA GAT AGC C-3 0 , and p62 R 5 0 -AAA TGT GTC CAG TCA TCG TCT CC-3 0 . All other primer sequences were as reported previously.
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Description of Mouse Genes Quantified by RT-PCR
The mouse genes were Acadl, acyl-CoA dehydrogenase, long chain (NM_007381); Acadm, acyl-CoA dehydrogenase, medium-chain (NM_007382); Acot2, mitochondrial acyl-CoA thioesterase 2 (NM_134188); ANP, natriuretic peptide precursor type A (NM_008725); Bnip3, BCL2/adenovirus E1B interacting protein 3 (NM_009760); BNP, natriuretic peptide precursor type B (NM_008726); Cd36, fatty acid translocase (NM_007643); Etfdh, electron transferring flavoprotein, dehydrogenase (NM_025794); Glut1, Slc2a1 solute carrier family 2 (facilitated glucose transporter), member 1 (NM_011400); Gpx1, glutathione peroxidase 1(NM_008160); Hif1a, hypoxia inducible factor 1, a subunit (NM_010431); Ldh, lactate dehydrogenase (NM_010699); Pdha1, pyruvate dehydrogenase E1 a1 (NM008810); Pdk4, pyruvate dehydrogenase kinase, isoenzyme 4 (NM_013743); Ppara, peroxisome proliferator-activated receptor a (NM_011144); Ppargc1a, peroxisome proliferator-activated receptor, c, coactivator (NM_008904); p62, Mus musculus sequestosome 1 (Sqstm1) (NC_000077.6); Sod1, superoxide dismutase 1 (NM_ 011434); Sod2, superoxide dismutase 2 (NM_013671); Tfam, transcription factor A, mitochondrial (NM_009360); Ucp2, uncoupling protein2 (NM_011671); Ucp3, uncoupling protein3 (NM_009464); and Vegfa, vascular endothelial growth factor A (NC_000083.5).
Quantification of Mitochondrial DNA
Total cellular DNA was extracted and purified from frozen hearts by using the DNeasy Tissue kit (69504, Qiagen, Hilden, Germany). Total DNA concentration was determined with a fluorometer. Equal amounts of DNA were assayed in triplicate by RT-PCR as described above by using the primers reported previously. 19 The average threshold cycle (Ct) number values of nuclear DNA (nDNA) and mitochondrial DNA (mtDNA) were used to calculate delta delta Ct as an exponent of 2 (2 ΔΔCT ) with ΔCt=CtnDNAÀCtmtDNA.
Preparation of Heart Proteins
For the preparation of heart homogenates, mice were killed with carbon dioxide, exsanguinated and the whole organs immediately minced and homogenized on ice in 5 volumes of ice-cold homogenization buffer (HB: 20 mmol/L HEPES, pH7.4, 250 mmol/L sucrose, 1 mmol/L EDTA, 0.1 mmol/L PMSF) by using 10 strokes in a tight fit glass/glass homogenizer. Cytosolic and mitochondrial fractions were separated as previously described. 23 Protein concentration was determined by Bradford assay.
Western Blotting
Proteins were fractionated by SDS-PAGE and transferred onto a nitrocellulose membrane (Schleicher & Schuell Bioscience).
The blot was blocked (1 hour at room temperature) with TBST (Tris-buffered saline, 0.1% Tween-20) containing 5% nonfat milk and then probed with the primary antibodies, in the following dilutions: 1:500 anti-TXNRD2 (Atlas Antibodies), 1:1000 anti-TXNRD2 (clone 1C4 as described earlier 24 ), 1:10 000
anti-ACTIN (Sigma), 1:5000 anti-catalase (Sigma), 1:500 anti-LC3B (Sigma), 1:2000 anti-HSP60 (BD Bioscience), 1:5000 anti-HSP25 (Biomol GmbH), 1:500 anti-hypoxia inducible factor 1, a subunit (HIF1a) (Santa Cruz Biotechnology,), and 1:1000 anti-p62/SQSTM1 (Sigma). After washing with TBST (2915 minutes), immunodetection of the signals was performed by using horseradish peroxidase-conjugated, corresponding secondary antibodies followed by 2 additional washing steps (2910 minutes). Finally, the signal was detected by using ECL Plus Detection Reagent (Amersham Biosciences). Protein expression was quantified by using ImageJ software (National Institutes of Health).
Histology and Immunohistochemistry
Mice were sacrificed with carbon dioxide. Hearts were immediately excised, arrested with 1M KCl, weighed, fixed in 4% paraformaldehyde for 24 hours, and embedded in paraffin. Serial 5 lm sections were stained with hematoxylin and eosin. For immunohistochemistry, heat-induced epitope retrieval with the use of 0.01 mol/L sodium citrate was applied. Primary antibody dilution for anti-lysosome-associated membrane protein 1 (LAMP1) (Santa Cruz Biotechnology) was 1:500. Five representative images of LAMP1-stained sections were acquired from each heart of 3 animals per genotype. Number of LAMP1-positive vesicles was analyzed in all images by using Fiji software. 25 
Quantification of Vacuolization
For determination of the severity of vacuolization in the myocardium, horizontal hematoxylin and eosin-stained paraffin sections were analyzed by 2 operators blinded to specimen origin. Per genotype (n=10), 2 consecutive sections were graded as follows: no vacuolization (0), discrete (1) if only focal vacuoles were present, moderate (2) if multifocal vacuolization was present, and intense (3) if diffuse vacuolization was present.
Mitochondrial Respiration
Mitochondria were isolated by the use of differential centrifugation. Briefly, freshly removed hearts were minced by using a razor blade and homogenized in ice-cold isolation buffer 
Transmission Electron Microscopy
The left ventricle was cut into 1-mm 2 cubes and fixed with 3% glutaraldehyde in 0.1 mol/L cacodylate. Samples were postfixed in 1% OsO 4 (4°C, 1 hour), washed 39, dehydrated in alcohol, and embedded in Eponate. Semithin sections were stained with toluidine blue and scored by a blinded operator. Ultrathin sections were cut on the ultramicrotome, stained with uranyl acetate followed by lead citrate, and viewed with a Zeiss EM 10 CR transmission electron microscope.
ATP and GSH Measurement
Frozen heart tissue was weighed and homogenized on liquid nitrogen in a medium containing 20 mmol/L HEPES, pH 7.4, 250 mmol/L sucrose, and 1 mmol/L EDTA. For ATP measurement, the homogenate was heated immediately for 5 minutes on 95°C, cooled down on ice for 5 minutes, and centrifuged for 2 minutes at 13 000g on 4°C. With 50 lL of the supernatant, an ATP assay (ATP Bioluminescence Assay Kit CLS II; Roche) was performed according to the manufacturer's instructions. For reduced glutathione (GSH) measurement, the homogenate was deproteinated by using metaphosphoric acid and assayed according to the enzymatic recycling method. 27 
ROS Assay
The production of radical species in isolated mitochondria, challenged by different chemicals, was essentially measured as described. 28 Briefly, freshly isolated mitochondria were stained for 10 minutes at 0°C with 2 0 ,7 
Metabolite Quantification
The targeted metabolomic approach was based on electrospray ionization-liquid chromatography (LC)-mass spectrometry (MS)/MS measurements by using the AbsoluteIDQ kit p180 (BIOCRATES Life Sciences AG), allowing simultaneous quantification of 186 metabolites. Heart muscle was homogenized in phosphate buffer (3 lL/mg). 
Statistical Analysis
Results are shown as meanAESD values (n=number of animals or experiments as indicated, sample sizes are given per group being compared). Comparisons between groups were performed by using the unpaired, 2-tailed Student t test. The paired t test was used when appropriate as indicated in the text. Due to small sample size (n=3), we did not apply statistical tests on quantification of mRNA-and proteinexpression data. Statistical significance was defined as P<0.05 (*), P<0.01 (**), or P<0.001 (***). The authors had full access to the data and take responsibility for its integrity. All authors have read and agreed to the manuscript as written.
Results
Tamoxifen-Induced Heart-Specific Knockout of Txnrd2 in Adult Mice
Inducible heart-specific Txnrd2-deficient mice were generated as described. 15 Mice carrying floxed Txnrd2 alleles (Txnrd2 ) and controls (ctrl) ( Figure 1A ). Animals were fed tamoxifen for 5 weeks starting at the age of 6 weeks for KO induction, and all time points reported hereafter refer to the end of tamoxifen administration (week 0) ( Figure 1B ). Experiments were carried out by using young (aged 5 to 6 months) (Y), middle-aged (aged 10 to 14 months) (MA), and old (aged 18 to 19 months) (O) mice as indicated. Tamoxifen administration led to a reduction in Txnrd2 mRNA concentrations by 70AE9% (n=3) and a substantial reduction in TXNRD2 protein levels in whole heart preparations of KO animals compared with controls ( Figure 1C , 1D, and 1E). (control, ctrl) mice. B, To inactivate Txnrd2, 6-week-old ko and ctrl mice were treated with tamoxifen for 5 weeks. The end of tamoxifen treatment was defined as week 0. C, Semiquantitative RT-PCR 4 weeks after feeding tamoxifen-containing diet confirmed reduction of Txnrd2 mRNA. D, Reduced Txnrd2 mRNA shown by RT-PCR of whole heart cDNA. mRNA expression was normalized to Gapdh. Each column represents 3 independent cDNA samples (n=3). E, Reduced TXNRD2 expression in Western blot of cytosolic and mitochondrial protein fractions from whole hearts. ACTIN served as cytosolic and VDAC1 as mitochondrial loading control. aMHC indicates alphamyosin heavy chain; RT-PCR, real-time polymerase chain reaction; TXNRD2, thioredoxin reductase 2; VDAC1, voltage-dependent anion-selective channel protein 1. 
Impaired LV Function in
Gross Morphological Heart Alterations in Aged
In young mice, heart-to-body weight ratio in KOs (5.1AE0.7 mg/ g) was similar to that in controls (5.3AE0.8 mg/g) (P=0.98), whereas in middle-aged mice, the heart-to-body weight ratio of KO animals was increased by %14% (5.6AE0.7 mg/g for KO and 4.9AE0.7 mg/g for controls, P<0.001) and by %6% in old mice (5.4AE0.7 mg/g for KO and 5.1AE0.6 mg/g for controls, P<0.05), indicating a mild hypertrophic response. Body weight was not altered significantly in KOs versus controls ( Figure 3G ). Gross morphological analysis revealed enlargement of KO hearts only in rare cases ( Figure 3A versus 3B, Figure 3E and 3F). Histological analysis showed LV hypertrophy ( Figure 3C versus 3D) in these Txnrd2 À/À mice. Appearance, behavior, and spontaneous mortality ( Figure 3H ) of Txnrd2 À/À mice were indistinguishable those of from age-matched controls during the observation period.
HIF1a Protein Stabilization in Txnrd2 À/À Hearts
It has been shown that the mitochondrial thioredoxin system can potentially influence HIF1a protein levels. 35 Indeed, immunoblotting analysis for HIF1a detected increased protein levels of splice variant HIF1a-I.1 in KO hearts in middle-aged and old mice (%10-fold, n=3) ( Figure 4A ). These data indicate an HIF1a protein stabilization, as Hif1a mRNA was not changed significantly ( Figure 4B ).
Transcriptional Signature Induced by Txnrd2 Ablation
HIF1a target genes and markers for oxidative phosphorylation, mitochondrial biogenesis, oxidative stress response, and uncoupling proteins and for LV dysfunction were quantified by using RT-PCR ( Figure 4B ). While the HIF1a target genes Vegfa and Bnip3 were found unchanged, 
Mitochondrial Degeneration in Txnrd2
À/À
Cardiomyocytes
Cellular alterations became obvious in toluidin blue-stained semithin sections of Txnrd2 À/À myocardium in middle-aged mice. In all cardiomyocytes of control animals, mitochondria were clearly visible and formed a characteristic distribution pattern ( Figure 5A, arrowheads) . In contrast, in 37AE13% of the KO cardiomyocytes, mitochondria and their distribution pattern were not discernible, indicating mitochondrial depletion (P<0.001, Figure 5B and 5C). In the cytoplasm of these KO myocytes, dark-blue-stained granular deposits were visible ( Figure 5B , arrows). The number of these granular deposits was significantly higher in KO hearts (76.3AE54.3 for KO versus 3.3AE3.5 for controls, P<0.001) ( Figure 5D ). Transmission electron microscopy confirmed the results obtained from semithin sections. In control mice, mitochondria showed typical age-appropriate morphology and normal cytoplasmatic distribution pattern. Few distinct lysosomes were present in the perinuclear region ( Figure 5E ). At higher magnification, the mitochondrial matrix in controls was of homogeneous density without signs of degeneration (Figure 5H) . In contrast, KO cardiomyocytes showed disorganized mitochondrial structures ( Figure 5F ). Ultrastructural changes included loss of cristae and matrix homogeneity ( Figure 5I ). Globular bodies, characterized by increased osmophilia at their periphery, were frequently associated with degenerating mitochondria ( Figure 5I ). The cytoplasm of KO cardiomyocytes contained numerous lysosome-like organelles showing different morphologies in size, content, and electron density ( Figure 5F and 5G, arrowheads). These lysosome-like organelles exhibited electron-dense regions alternating with lucid regions, which indicated lipofuscin accumulation ( Figure 5J ), or a homogeneous dense matrix ( Figure 5K ). Signs of fibrosis, apoptosis, or inflammation were absent.
Despite mitochondrial degeneration, relative myocyte mtDNA content was not altered in KO hearts of middle-aged mice (1.09AE0.26 for KO and 1.0 for controls, P=0.36) (Figure 5L ), while it was significantly reduced in old mice by 29% (0.71AE0.15 for KO and 1.0 for controls, P<0.001) ( Figure 5M) . Presence of double-membrane autophagosomes (F) and autolysosomes containing cellular material (G) in knockout cardiomyocytes (n=2). H and I, Western blots using protein homogenates obtained from 3 control (c1 to c3) and 3 knockout (k1 to k3) hearts of old mice probed with anti-LC3 and anti-p62 antibodies and corresponding quantification of protein expression. ACTIN was used as standard. J, Increased p62 mRNA expression as analyzed by real-time RT-PCR, relative to control (set as 1). mRNA expression was normalized to Actin. Txnrd2-specific primers were used as internal control (P<0.01, n=6). Magnification: A and B, 920; D and E, 912 600; F and G, 920 000. **P<0.01, ***P<0.001. LC3 indicates microtubule-associated protein 1A/1B-light chain 3; RT-PCR; real-time polymerase chain reaction; Txnrd2, thioredoxin reductase 2.
Myocardial Degeneration and Increased Autophagic Activity in Txnrd2
À/À Myocardium Hematoxylin and eosin staining of hearts from old control mice revealed few cardiomyocytes showing cytoplasmic vacuolization. In contrast, myocardial vacuolization was 4.5-fold higher in old KO mice (2.7AE0.5 for KO and 0.6AE0.7 for controls, P<0.001) (Figure 6A through 6C) . No cell infiltrates indicative of inflammation were visible. Ultrastructural analysis at the same time point confirmed the severe mitochondrial degeneration and vacuolization in KOs ( Figure 6D versus 6E) . Moreover, different states of autophagic degradation were present in KO cardiomyocytes, such as vacuoles sequestering dense cytoplasm ( Figure 6F ), designated autophagosomes, or single-membrane-bound vacuoles containing remnants of membranes and degraded cellular material ( Figure 6G ).
Microtubule-associated protein 1A/1B-light chain 3 (LC3) is a marker of autophagic activity. 36 Western blot analysis revealed a %2-fold stronger 18-kDa LC3-I signal, while the LC3-II signal was not consistently increased ( Figure 6H and 6I). Moreover, the protein amount of p62, being also involved in autophagosome formation, 37 was markedly upregulated in KOs (%3.8-fold). Additionally, p62 mRNA levels were significantly higher in KO hearts (p62: control set to 1 and 2.17AE0.71 for KO, P<0.01) (Figure 6H through 6J) . Immunostaining of lysosome-associated membrane protein 1 (LAMP1), a lysosomal marker, was significantly increased in KO hearts ( Figure 7A through 7C) . Masson trichrome staining showed no increase in interstitial fibrosis in young or old Txnrd2 À/À mice ( Figure 7D through 7F) . Consistently, TUNEL staining failed to detect an increase in TUNEL-positive apoptotic nuclei in the KO myocardium (Figure 8) . These results indicate that autophagic activity is deregulated in aged Txnrd2 À/À cardiomyocytes and emphasizes the cellular stress situation found in aged KO hearts.
Decreased Oxygen Consumption of TXNRD2-Deficient Mitochondria
Mitochondrial oxygen (O 2 ) consumption (VO 2 ) was analyzed in isolated heart mitochondria ( Figure 9A and 9B 
Mitochondrial ROS Production and Induction of Antioxidative Systems
Lower O 2 consumption indicates the possibility of higher ROS production, as mitochondria produce ROS especially under decreased O 2 consumption. 38 We therefore assessed overall ROS production. In agreement, mitochondrial ROS production in old mice, measured in parallel on the same samples shown in Figure 9B by using different stressors, was increased in KO mitochondria compared with controls ( Figure 10A ). Although the increase in ROS production did not reach statistical significance when applying the paired t test, it was highly reproducible under different conditions tested. Basal ROS production of KO mitochondria incubated in isolation buffer was heightened by %1.27-fold (746AE159 in KO versus 589AE127 in controls). Challenging mitochondria by the addition of 100 lmol/L Ca 2+ , 50 lmol/L Hg 2+ or 100 lmol/L tertiary butylhydroperoxide (tBuOOH) did increase ROS, but the difference in ROS production between KOs and controls remained unchanged (Ca 2+ : 802AE207 in KO versus 559AE127 in controls; Hg 2+ :1323AE384 in KO versus 987AE353 in controls; tBuOOH:
1879AE469 in KO versus 1414AE474 in controls). GSH levels (in nmol/mg protein) were significantly increased in KO myocardium at both time points (MA: 364.75AE60.78 in KO versus 274.30AE40.55 in controls, P<0.05; O: 292.33AE29.93 in KO versus 227.16AE26.98 in controls, P<0.05). As oxidized GSH (GSSG) levels were also increased, GSH/GSSG ratio was not altered ( Figure 10B) .
Amounts of the stress-induced proteins HSP25 and HSP60 were %1.6-fold higher in KO hearts from old mice. The amount of catalase protein was %1.9-fold greater in KOs ( Figure 10C and 10D) . These data support the hypothesis that increased ROS production is compensated in vivo by a cytoprotective response.
Metabolic Signature Induced by Txnrd2 Ablation
With use of a quantitative mass spectroscopic approach, amino acids (AAs), acyl-carnitines, biogenic amines, and hexoses were measured in the myocardia of old mice (Figure 11 and Table) .
Comparative analysis revealed significantly decreased levels of citrulline, histidine, and glutamine in KO myocardia. The content of all other measured AAs was increased. This change was significant with the exception of alanine, asparagine, phenylalanine, and tyrosine ( Figure 11A ). Free carnitine (C0) levels in KO hearts significantly exceeded that of control hearts by 24%, while the content of acetyl-carnitine (C2) was 25% lower in KO tissue. Among all measured acyl-carnitines the content of long-chain acyl-carnitine (C14 to C18) species was not altered. Among medium-chain acyl-carnitines (C6 to C12) the content of 2 species was significantly increased (Figure 11C ). From the measured biogenic amines, histamine was increased by 153% and serotonin was decreased by 49% in KO tissue ( Figure 11B) . Finally, the content of hexoses (90% glucose) was 36% lower in KO tissue ( Figure 11D ).
Quantifying metabolite concentrations provides a "snapshot" of cellular metabolism that does not reflect metabolic flux but has the potential to assign a specific phenotype. 39 Thus, the change in metabolite concentration suggests metabolic remodeling in Txnrd2 À/À hearts, and again confirms the existence of cellular stress. In accordance with mitochondrial dysfunction, the altered metabolic signature of Txnrd2 À/À hearts indicates a deregulation of b-oxidation and tricarboxylic acid cycle activity.
Discussion
The present study demonstrates a novel role of Txnrd2 in the aging heart, including LV function, tissue integrity, and mitochondrial and metabolic alterations. Absence of Txnrd2 function impairs morphological and functional integrity of mitochondria, as well as being associated with metabolic derangements and contractile dysfunction in the aging mouse heart. Cardiac-specific ablation of Txnrd2 was associated with a reduced LV pump function and increased LVESD in KO hearts in middle-aged and old mice. Consistent with systolic dysfunction, fractional shortening and ejection fraction were reduced. The expression of natriuretic peptides, diagnostic markers of cardiovascular disease, 40 was increased.
Therefore, TXNRD2 may be critical in the progression of heart failure of patients with ischemic heart disease, genetic cardiomyopathies, or additional disorders. In accordance with this, Sibbing et al identified 3 heterozygous carriers of Txnrd2 mutations in a cohort of 227 patients diagnosed with dilated cardiomyopathy. 41 Further, adequate selenium supply and functional selenoproteins are factors in preventing chronic heart disease. 11, 42 To date, clinical trials do not support use of selenium supplements for the prevention of chronic heart disease in healthy adults. 43 However, the genetic impact of single selenoproteins is not well studied and this, along with the individuals' basic selenium intake, may have implications on selenium supplementation. Mitochondrial degeneration observed in cardiomyocytes of aged KO mice could be a direct consequence of Txnrd2 ablation leading to decreased energy supply, which, in turn, reduces myocardial contractility. Indeed, Txn2 haploinsufficiency has been associated with decreased ATP production in vitro, particularly in tissues with high energy demand, such as heart. 44 Interestingly, despite obvious mitochondrial degeneration in ultrastructure, overall mitochondrial content was reduced only in old KO mice, indicating that compensatory mechanisms exist but become increasingly ineffective during aging. Consistently, Tfam, a gene involved in mitochondrial biogenesis, was lower in old but not in middle-aged mice.
Moreover, autophagy, a cellular process responsible for turnover of organelles and cytoplasmic proteins, is the major mitochondrial degradation pathway. 45 Autophagy is typically accompanied by accumulation of undegradable organic and anorganic material in secondary lysosomes, called lipofuscin. This age pigment was more pronounced in Txnrd2 À/À hearts.
Western blotting revealed an increase in the 18-kDa LC3-I signal in the myocardium of old KOs, while the LC3-II signal, representing the 16-kDa active isoform localized to autophagosome membranes and degraded during autophagy, 
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Continued was not consistently increased. Autolysosomes are LAMP1 and LC3 positive. 47 The increase in LAMP1-positive vesicles is indicative of increased autophagic flux rather than downstream inhibition, as suppression of autophagy in upstream or downstream steps is believed to be accompanied by a decrease in autolysosomes. 48 p62 protein accumulates in authopagy-deficient cells; however, p62 can also be transcriptionally regulated during autophagy. Moreover, p62 is thought to be upregulated in response to oxidative stress. 49 As both p62 protein and p62 mRNA were upregulated, this could be due to the active stress response in Txnrd2
À/À hearts. The slight but robustly increased ROS generation in isolated KO mitochondria seems to be compensated in vivo by a cytoprotective response, as suggested by heightened HSP25, HSP60, catalase, and GSH. Furthermore, Txnrd2 À/À hearts did not accumulate peroxidized lipids on the whole cell or mitochondrial level, as assessed with anti-4-hydroxy-2-nonenal immunoblots (data not shown). There was also no evidence for increased oxidative damage to DNA and RNA as assessed with anti-8-hydroxy-2 0 -deoxyguanosine/8-hydroxyguanosin immunohistochemistry (data not shown). This suggests that, despite Txnrd2 deficiency, a balance exists between mitochondrial ROS production and detoxification. Despite increased GSH levels in Txnrd2 À/À hearts, the GSH/ GSSG ratio was not altered, indicating that the redox balance is not disrupted. Isolated mitochondria from aging KO mice, although lacking signs of uncoupled respiration, used significantly less oxygen, pointing toward a reduced oxidative phosphorylation. Intriguingly, the ATP content in the whole myocardium did not differ, again supporting the concept of an active compensation. Decreased O 2 consumption may be a consequence of an adaptive response resulting in reduced heart contractility, as energy supply is limited.
Mitochondria are oxygen sensors that increase ROS generation under hypoxic conditions and regulate a variety of responses, including HIF1a activation. The HIF1a stabilization in our model could not be attributed to mRNA changes. This posttranslational regulation is in agreement with the majority of findings. 50, 51 Moreover, overexpression of TRX2 in hypoxic HEK cells reduced HIF1a accumulation, and this was attributed to Trx2 influencing HIF1a protein synthesis. 35 Long-term HIF1a stabilization in mouse heart was associated with cardiomyopathy and a metabolic shift toward higher glucose utilization during aging. Aging Hif1-a tg mice, overexpressing HIF1a protein, spontaneously developed thicker septum walls and decreased fractional shortening. 52 Likewise, constitutively active HIF1a in adult mouse myocardium resulted in cardiomyopathy, characterized by higher heart weight and lower fractional shortening.
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Glut1 was the only HIF1a target gene upregulated in our model. In old Txnrd2 À/À mice, the cardiac expression of enzymes providing reduction equivalents to the electron transport chain was changed. Genes involved in lipid metabolism, like Pgc1a and Ppara, were reduced. Mitochondrial uncoupling proteins 2 and 3 have been suggested not as physiological uncouplers but rather as influencing cellular metabolism and ROS production. 54, 55 They were regulated toward reduced ROS production. The translational signature in Txnrd2 À/À hearts supports the hypothesis of an altered metabolic homeostasis attributed to changes in HIF1a stabilization. However, a decreased mRNA content of nuclear-encoded mitochondrial genes could be contributing to this signature. Acyl-carnitines are used as biomarkers for mitochondrial function because they are byproducts of fatty acid, glucose, and AA oxidation and their accumulation indicates deregulated b-oxidation and mitochondrial dysfunction. 56, 57 In Txnrd2 À/À and control hearts, the 2 major carnitines were free carnitine (%80% and %72%) and acetyl-carnitine (%17% and %25%, respectively). Among acyl-carnitines, short-chain acyl-carnitines were the main species in KO and control hearts (%73% and %67%), while medium-and long-chain acyl-carnities accounted for the rest of the acyl-carnitine pool at relatively equal amounts. The increased content of some short-chain (C3-DC, C4.1, C5.1) and medium-chain (C6.1, C7-DC) acyl-carnitine species further supports the concept of a deregulated flux through oxidative pathways in Txnrd2 À/À myocardium. 
